Abstract. We have explored the use of optical coherence tomography (OCT) as a noninvasive tool for assessing the toxicity of topical microbicides, products used to prevent HIV, by monitoring the integrity of the vaginal epithelium. A novel feature-based segmentation algorithm using a nearest-neighbor classifier was developed to monitor changes in the morphology of vaginal epithelium. The two-step automated algorithm yielded OCT images with a clearly defined epithelial layer, enabling differentiation of normal and damaged tissue. The algorithm was robust in that it was able to discriminate the epithelial layer from underlying stroma as well as residual microbicide product on the surface. This segmentation technique for OCT images has the potential to be readily adaptable to the clinical setting for noninvasively defining the boundaries of the epithelium, enabling quantifiable assessment of microbicide-induced damage in vaginal tissue.
Introduction
Recent studies suggest that noninvasive monitoring of epithelial morphology and thickness measurement could be a reliable biomarker for predicting susceptibility to genital infections, diagnosing precancerous and cancerous changes, and assessing tissue damage after topical drug use. [1] [2] [3] [4] [5] To attempt to fight the HIV epidemic, microbicides, vaginal products for prevention of acquisition of the infection, have been developed. However, some of these products have been toxic to the genital tract, and more specifically, the cervicovaginal tract, and have increased or failed to prevent transmission of HIV. [6] [7] [8] [9] Colposcopic examination and histology of tissue biopsy have been primarily used to assess the effects of microbicides on the integrity of the cervicovaginal epithelium. Unfortunately, colposcopy is insensitive to detect minute microbicide-induced changes in the epithelium, and biopsy is invasive; 6, 7 in preclinical and clinical safety studies, these methods failed to identify microbicides that cause toxicity to the cervicovaginal epithelium and consequently increase risk of infection.
OCT is a high-resolution optical imaging technique 10 recently used to perform noninvasive high-resolution crosssectional in vivo imaging of the cervix and vaginal tissue in preclinical and clinical studies designed to assess microbicide toxicity. 2, 3, 5 OCT imaging of the cervicovaginal epithelium provides depth-resolved information on morphological features and thickness of the epithelial layer. Until now, microbicideinduced changes in the morphology and thickness of vaginal epithelium as detected by OCT imaging have been delineated manually, a time-intensive process that often requires postprocessing of OCT images. An automatic segmentation algorithm is needed to more efficiently differentiate the epithelial layer from the underlying tissue structure for subsequent automatic quantitative measurement of the degree of epithelium injury.
Various segmentation approaches have been used for cervicovaginal image analysis.
11-14 Ji et al. 11 applied a texturebased technique to characterize cervical lesions in colposcopic images, basing their method on statistical analysis. Luck et al. 12 performed a segmentation method on confocal images of nuclei to assist in cervical precancer detection. Their algorithm applied three processing modules in series. First, they employed anisotropic diffusion for edge preservation. Then, using Gaussian Markov random field, they modeled the nuclei. Finally, a Bayesian classifier was used to reduce the number of nonnuclei. Greenspan et al. 13 and Lotenberg et al. 14 developed a multistage automated system for segmenting images obtained from the uterine cervix. Their approach was based on geometrical curvature characteristics of cervical images, incorporating prior shape information to improve the detection of the boundary of lesions. However, all of the image segmentation techniques that have been developed until now are designed to classify colposcopy or confocal images of cervicovaginal tissue.
Applications of OCT imaging technique for visualization of morphological features of ocular tissue have been well established in the past two decades. More recently, various approaches have been used for automated segmentation of well-defined retinal layers visualized with the aid of OCT imaging. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] However, these techniques cannot be utilized for segmentation of OCT images of vaginal tissue because of variations in cervicovaginal epithelial thickness within images and lower contrast between the epithelial layer and stroma. Beyond the use of segmentation techniques for analyzing OCT images of retina, Chitchian et al. 25 proposed the development of a more versatile segmentation approach to differentiate the cavernous nerves from the prostate gland for nerve-sparing prostate cancer surgery.
Despite the success that has been reported for use of various segmentation methods for analysis of colposcopic images of vaginal tissue as well as OCT retinal images, automatic detection of in-depth minute morphological changes in vaginal epithelial layer and its thickness measurement require a different segmentation approach. In this study, we apply a feature-based segmentation algorithm using a nearest-neighbor classifier to monitor minute microbicide-induced changes in the cervicovaginal epithelium.
Methods
In vivo OCT images of the vagina in a sheep model were obtained using a clinical endoscopic OCT system (Imalux, Cleveland, OH). Images were obtained after vaginal lavage at baseline (before treatment) and 24 h after treatment with 5 mL intravaginal 2% nonoxynol-9 (N9, Gynol II, Johnson & Johnson Professional Products) or hydroxyethylcellulose placebo (HEC, ReProtect, Baltimore, MD).
3 N9 is an over-the-counter spermicide that has been shown to disrupt and thin the epithelium and increase suspectibility to HIV; 2,5 therefore, we used this treatment, known to cause epithelial toxicity, to test the performance of our segmentation algorithm. Twenty representative OCT images from three N9-treated sheep and one placebo-treated sheep were selected for image processing. Vaginal biopsies were obtained at the site of OCT imaging to confirm findings. The biopsies were fixed in formalin and stained with hematoxylin and eosin. Student t-test was used to compare epithelial thickness measurements, and alpha of 0.05 was used for significance.
Segmentation System
A block diagram of the segmentation system is provided in Fig. 1(a) . This is the system introduced by Chitchian and colleagues 25, 26 to differentiate the cavernous nerves from the prostate gland. The following is a brief overview of the system. The input image is first processed to form three feature images. The image is then segmented into epithelial layer, stroma, and background classes using a k-nearest-neighbors (k-NN) classifier and the three feature images. Finally, N-ary morphology is used for postprocessing. Another postprocessing module is added to the segmentation system to differentiate the epithelial layer using segmentation results [ Fig. 1(b) ]. The brief descriptions of the feature images, classifier, and postprocessing modules are provided below.
Gabor filter
The first feature image is generated by a Gabor filter with impulse response hðx;yÞ, 27 hðx; yÞ ¼ gðx; yÞe j2πðUxþVyÞ ;
where
The Gabor function is essentially a bandpass filter centered about frequency ðU; VÞ with bandwidth determined by σ x ;σ y . The Gabor feature center frequency of (0.2,0.2) cycles/pixel is applied with standard deviations of 3 and 6 in the x and y directions, respectively, based on experimental observation of minimum segmentation error and geometrical shape of epithelial layer. The Gabor filter parameters are varied, so the Gabor filter efficacy can be directly observed in the filtered images.
Daubechies wavelet transform
The second feature is generated by the eight-tap Daubechies orthonormal wavelet transform to reduce the effect of noise. The discrete wavelet transform (DWT) converts an image to its wavelet representation. 28 In a one-level DWT, the image c 0 is split into an approximation part c 1 and detail parts d 
Laws filter
The third feature is generated by the Laws feature extraction method. 29 Laws mask is convolved with the image to accentuate its microstructure. Then, standard deviation computation is performed after the Laws mask filtering to complete Laws feature extraction.
The feature images, Gabor filter; Daubechies wavelet; and Laws filter, are shown in Fig. 2(a) through 2(c) .
k-nearest-neighbors classifier and N-ary morphology
k-NN is a method for classifying objects based on the k closest training samples in the feature space. The algorithm is implemented by training, parameter selection, and classification steps. A different image is used for training. For parameter selection, larger values of k typically reduce the effect of noise on the classification, but make boundaries between classes less distinct. A parameter value of k ¼ 10 is empirically chosen (k varied from 4 to 12) for the present implementation of the k-NN algorithm. Finally, the N-ary morphological postprocessing method is followed for eliminating small misclassified regions. 25 
Postprocessing
Figure 1(b) shows the postprocessing module. A form of spatial first-order differentiation is performed on the segmented image to separate the epithelial layer. 30 Then, a border is drawn defining the epithelium using thresholding. By adding the result to the input image, the output is concluded.
Segmentation Evaluation
For the quantitative evaluation of the proposed algorithm, the error rate is calculated by:
Error ¼ No: of error pixels No: of total pixels ; No: of error pixels is counted by comparing manually segmented images to the automatically segmented images. Figure 3 (a), 3(d), and 3(g) shows representative OCT images of normal vaginal mucosa with stratified squamous epithelium and underlying stroma consisting of dense connective tissue that supports cells and a network of vessels and nerves. The first step of the algorithm provides the segmented images, sðx;yÞ in Fig. 1(a) , which are shown in Fig. 3(b) , 3(e), and 3(h). Finally, applying the postprocessing algorithm of Fig. 1(b) resulted in the output images in Fig. 3(c) , 3(f), and 3(i), with the epithelial layer clearly delineated by the automated algorithm. Note that in Fig. 3 (f) and 3(i), there is a layer of fluid at the surface which the algorithm correctly excludes as being part of the epithelium. OCT images of damaged tissue at 24 h after a single dose treatment of 2% N9 are shown in Fig. 4(a) , 4(d), and 4(g). Histology confirmed thinning and loss of the epithelium after treatment with N9, as seen in Fig. 5. Figure 4(b), 4(e) , and 4(h) and 4(c), 4(f), and 4(i) show the segmented and the output results of Fig. 4(a), 4(d) , and 4(g), respectively. Thinned epithelium is noted and outlined by the automated algorithm.
Results
Comparing Fig. 3 , which includes images at baseline, and Fig. 4 , which includes images obtained after treatment with 2% N9, reveals that after treatment with 2% N9, the epithelium was thinned and disrupted, as detected by the segmentation algorithm. This is in agreement with the previous results in which histology and manual measurements in OCT showed thinned epithelium.
3 Figure 5 (a) and 5(b) shows representative histology and OCT images obtained at the same site 24 h after treatment with placebo. The images show intact epithelium. Figure 5 (c) and 5(d) shows representative histology and OCT images obtained at the same site 24 h after treatment with N9. Disrupted, thinned epithelium is noted in these images. Before treatment, the epithelial thickness of the OCT images was 75 AE 6 and 70 AE 12 μm in the placebo and N9 groups, respectively. After treatment, the epithelial thickness was unchanged in the placebo group, measuring 77 AE 13 μm (p ¼ 0.79), and thinned in the N9 group, measuring 48 AE 17 μm (p ¼ 0.02).
Figure 4(c) shows round structures above the epithelium which the algorithm did not exclude, and we included them in measuring the error rate. The overall error rate for the segmentation was 8.7% AE 2.2%, showing that our technique is robust based on an industry standard of error ≤10%.
Discussion
Noninvasive high-resolution imaging could provide direct assessment of epithelial structure for evaluation of the effect of candidate microbicides on the cervicovaginal mucosa. Our group has recently demonstrated the use of OCT for assessing the effects of BZK and N9 on the integrity of epithelial tissue of cervicovaginal tract of macaques, sheep, and humans. 2, 3, 5 In all of these studies, we have demonstrated that monitoring and manual quantification of microbicide-induced changes in epithelial integrity could be used as a biomarker for the assessment of microbicide toxicity. In this study, an automatic segmentation algorithm was developed for the identification of the epithelium in OCT B-scans of the cervicovaginal tract. The benefit of such an algorithm is to facilitate the process of defining the epithelium in cases where manual delineation of the borders is time consuming and subjective. One application for such a tool includes identification of the epithelium following chemical perturbation by a topical microbicide. In this case, epithelial thinning and disruption following treatment with a chemical that damages epithelial tissue can be correlated to susceptibility to infection by a sexually transmitted infection (STI). 4 The developed algorithm was successful in defining the epithelium as evidenced by the small error rate when comparing the algorithm with manual detection of epithelium. The algorithm was successful even in the presence of confounding factors such as fluid or mucous on the surface of epithelium as seen in Fig. 3(f) and 3(i) . In these cases, the algorithm excluded these low-reflectivity areas that were not part of the true epithelium. In one case shown, segmentation resulted in small areas above the epithelium to be defined [ Fig. 4(c) ]. These, however, can be excluded as being part of the epithelium based on size and location. The presence of these areas with intensity similar to epithelium suggests that they are epithelial debris and tissue that has been disrupted and is present in the mucus and fluid layer covering the epithelial surface. The proposed algorithm is the first step toward developing an automated technique for the measurement of epithelial thickness.
Conclusion
In this work, we developed an algorithm to automatically delineate the vaginal epithelial layer. This algorithm for morphological segmentation of the epithelial layer may prove useful for automated monitoring and detection of minute changes in the cervicovaginal epithelium after treatment with vaginal products using high-resolution OCT imaging. 
